histopathological examination of liver tissue as well as on a series of markers of inflammation, oxidative stress and regeneration. Although no significant differences were found in histopathological analysis, pannexin1 channel inhibition reduced serum levels of alanine and aspartate aminotransferase. This was paralleled by a reduced amount of neutrophils recruited to the liver. Furthermore, alterations in the oxidized status were noticed with upregulation of glutathione levels upon suppression of pannexin1 channel opening. Concomitant promotion of regenerative activity was detected as judged on increased proliferating cell nuclear antigen protein quantities in 10 Panx1-treated mice. Pannexin1 channels are important actors in liver injury triggered by acetaminophen. Inhibition of pannexin1 channel opening could represent a novel approach for the treatment of drug-induced hepatotoxicity.
Introduction
Drug-induced liver injury is the leading cause of acute liver failure in Western countries with the vast majority being caused by overdosing with acetaminophen (APAP)/ paracetamol, a readily available analgesic and antipyretic drug (Ichai and Samuel 2011; Lee 2008) . APAP-induced hepatotoxicity depends on biotransformation mediated by cytochrome P450 2E1, yielding the deleterious metabolite N-acetyl-p-benzoquinone imine (NAPQI) (Dahlin et al. 1984) . Under normal circumstances, NAPQI can be rapidly detoxified by binding to glutathione (GSH) (Dahlin et al. 1984) . However, in case of APAP overdosing, GSH becomes depleted and NAPQI can react with protein sulfhydryl groups, which leads to the formation of protein adducts Mitchell et al. 1973) . As a consequence, impaired mitochondrial respiration and oxidative stress are triggered, which is associated with the onset of massive hepatocyte cell death and the induction of an inflammatory response. Indeed, elevated serum and liver concentrations of pro-inflammatory cytokines, and infiltrating neutrophils and monocytes are typically found in patients with fulminant hepatic failure (Blazka et al. 1995; Cover et al. 2006; Ishida et al. 2002; James et al. 2005; Lawson et al. 2000) .
Pannexins are a relatively new family of transmembrane proteins that form channels connecting the cytosol with the extracellular environment. The pannexin family consists of three members (Panx1-3) of which 1 or more have been detected in every mammalian organ (Bruzzone et al. 2003; Le Vasseur et al. 2014; Penuela et al. 2007) . A number of studies have reported the presence of Panx1 in liver, more specifically in hepatocytes and Kupffer cells (Bruzzone et al. 2003; Csak et al. 2011; Ganz et al. 2011; Kim et al. 2015; Sáez et al. 2014; Xiao et al. 2012) . When open, Panx1 channels form transmembrane conduits allowing the passage of ions and hydrophilic molecules of less than 1 kilodalton, including adenosine triphosphate (ATP) (Bao et al. 2004; Wang et al. 2013 ). On several occasions, Panx1 channels have been linked to cell death (Chekeni et al. 2010; Cisneros-Mejorado et al. 2015; Gulbransen et al. 2012; Orellana et al. 2011a, b; Sandilos et al. 2012; Xiao et al. 2012 ) and inflammatory processes (Bao et al. 2013; Csak et al. 2011; Ganz et al. 2011; Qu et al. 2011; Silverman et al. 2009 ). Specifically, Panx1 channels play a role in inflammatory responses by facilitating cleavage of pro-caspase1 (Casp1) in the NACHT, LRR, and pyrin domain-containing protein 3 (Nalp3) inflammasome, an intracellular multiprotein complex that activates interleukin (IL) 1β and IL-18 (Brough et al. 2009; Marina-García et al. 2008; Silverman et al. 2009 ). In this context, activation of the Nalp3 inflammasome and elevated hepatic Panx1 levels have been observed upon ischemia-reperfusion injury (Kim et al. 2015) as well as in experimentally induced nonalcoholic steatohepatitis in mouse Ganz et al. 2011; Xiao et al. 2012) . Furthermore, apoptotic cells release "find me" signals via Panx1 channels at the earliest stages of cell death in order to recruit phagocytes. Panx1 itself serves as a target of effector caspases 3 and 7, and a specific caspase-cleavage site within Panx1 is essential for its channel opening during apoptosis (Chekeni et al. 2010; Elliott et al. 2009 ). In addition, Panx1 channels have been described to orchestrate chemotaxis of neutrophils in gradient fields (Bao et al. 2013) .
Given the documented involvement of Panx1 pores in inflammation and cell death, it is conceivable to assume that these channels also underlie hepatotoxicity induced by APAP. To determine whether or not this holds true, 10 Panx1, a well-established inhibitor of Panx1 channels (Orellana et al. 2011b; Pelegrin et al. 2008; Pelegrin and Surprenant 2006; Thompson et al. 2008) , was tested in the present study for its potential to reduce liver damage caused by APAP. The outcome of Panx1 channel inhibition was evaluated based on several parameters related to liver cell death, inflammation, oxidative stress and regeneration.
Methods and materials

Chemicals and reagents
10 Panx1 (WRQAAFVDSY) was synthesized by ThermoFisher (Germany) with purity of at least 90%. All other chemicals were commercially available products of analytical grade and were supplied by Sigma (USA), unless specified otherwise.
Animals and treatment
In this study, 8-to 10-week-old male C57BL/6 mice (Jackson Laboratories, USA) were used and were housed in the animal facility of the Department of Pathology at the School of Veterinary Medicine and Animal Science of the University of São Paulo. The animals were kept in a room with ventilation (16-18 air changes/h), relative humidity (45-65%), controlled temperature (20-24 °C) and light/dark cycle 12:12, and were given water and balanced diet (NUVILAB-CR1, Nuvital Nutrientes LTDA, Brazil) ad libitum. In a first set of experiments, mice were starved 15-16 h prior to APAP or vehicle (saline; 0.9% NaCl) administration. APAP was dissolved in saline, slightly heated and injected (30-37 °C) intraperitoneally at 300 mg/kg body weight after which animals regained free access to food (Maes et al. 2016c) . In other experiments, mice received APAP and after 1.5 h were additionally administered either 10 mg/kg 10 Panx1 dissolved in saline or only saline through retro-orbital injection of volumes not exceeding 150 µl. The conditions for administration of 10 Panx1 were optimized during preliminary testing. No overt signs of organ toxicity were observed upon gross necropsy and histopathological examination (data not shown). Mice were euthanized at the start of the experiment and 1, 3, 6, 24 and 48 h after APAP or saline injection by exsanguination during sampling under isoflurane-induced anesthesia. Blood, collected by cardiac puncture, was drawn into a heparinized syringe and centrifuged for 10 min at 1503×g, and serum was stored at −20 °C. Livers were excised and fragments were fixed in 10% phosphate-buffered formalin or snap-frozen in liquid nitrogen with storage at −80 °C. This study has been approved by the Committee on Bio-ethics of the School of Veterinary Medicine and Animal Science of the University of São Paulo (protocol Number 9999100314), and all animals received humane care according to the criteria outlined in the "Guide for the Care and Use of Laboratory Animals."
Gene expression analysis
Total RNA was extracted from liver tissue using a GenElute™ Mammalian Total RNA Purification Miniprep Kit and an On-Column DNase I Digestion Set according to the manufacturer's instructions. Purity and quantification of isolated RNA were measured spectrophotometrically using a Nanodrop ® ND-100 Spectrophotometer (Thermo Scientific, USA). A cut-off ratio between 1.8 and 2.1 for the absorption at 260/280 nm was used for assessing purity. Then, 2 µg RNA was reversely transcribed into cDNA with an iScript™ cDNA Synthesis Kit (Bio-Rad, USA) using an iCycler iQ™ (Bio-Rad, USA) followed by cDNA purification using a GenElute™ PCR Clean-Up Kit. cDNA products were quantitatively amplified using Taqman probes and primers (Applied Biosystems, USA) targeted toward Panx1 and candidate reference genes (Table 1 ). All samples were analyzed in duplicate. Each run included a serial dilution of a pooled cDNA mix from all cDNA samples and two no template controls to estimate the quantitative polymerase chain reaction efficiency. For reverse transcription quantitative real-time polymerase chain reaction (RT-qPCR) analysis, a reaction mix was prepared containing TaqMan ® Fast Advanced Master Mix (Applied Biosystems, USA), Assay-on-Demand™ Gene Expression Assay Mix (Applied Biosystems, USA) and cDNA diluted in nuclease-free water. The qPCR conditions, using (Livak and Schmittgen 2001) , where the average expression of untreated animals at the 0 h time point is set to 1.
Protein expression analysis
Flash frozen liver tissue was homogenized in radio-immunoprecipitation assay buffer (Thermo Scientific, USA) containing Halt™ protease and phosphatase inhibitor cocktail (Thermo Scientific, USA), and ethylenediaminetetra-acetic acid (Thermo Scientific, USA). Following sonication for 30 s, samples were rotated for 15 min at 4 °C. Cell lysates were centrifuged at 14000×g for 5 min, and protein concentrations were determined in the supernatants by means of a bicinchoninic acid assay (Pierce, USA) with bovine serum albumin as a standard. Proteins were separated on 10% Mini-Protein ® TGX Stain-Free™ precast gels (BioRad, USA) using electrophoresis and blotted onto polyvinylidene difluoride membranes (Bio-Rad, USA) following activation and quantification of the stain-free loading. Subsequent blocking of the membranes was performed with blocking buffer, 5% non-fatty milk in Tris-buffered saline solution (20 mM Tris and 150 mM NaCl) containing 0.1% Tween-20 (TBS/T). Membranes were incubated overnight at 4 °C with primary antibody directed against Panx1 (HPA016930, Sigma, USA), diluted 1:250 in blocking buffer followed by incubation for 1 h at room temperature with polyclonal goat anti-rabbit secondary antibody (Dako, Denmark) diluted 1:500 in blocking buffer. Excessive antibody was removed by washing the membranes several times in TBS/T. Detection of the proteins was carried out by means of a Pierce™ enhanced chemiluminescence Western blotting substrate kit (Thermo Scientific, USA) according to the manufacturer's instructions. Densitometric analysis was performed using Image Lab 5.0 software (Bio-Rad, USA). For semiquantification purposes, Panx1 signals were normalized against the total protein content and expressed as relative alterations compared to untreated animals.
Pannexin protein localization analysis
Flash frozen liver tissue samples were embedded in Tissue Freezing Medium ® (Leica, UK). Then, 10 µm liver sections were fixed in acetone for 10 min at −20 °C. Liver sections were incubated with primary antibodies directed against Panx1 (HPA016930, Sigma, USA), diluted 1:500 in blocking buffer containing phosphate-buffered saline supplemented with 0.1% NaN 3 and 1% bovine serum albumin during 1 h at 37 °C. After extensive rinsing with phosphate-buffered saline supplemented with 0.5% Tween-20, samples were incubated with polyclonal goat anti-rabbit Alexa Fluor ® 488-conjugated secondary antibody (Jackson ImmunoResearch, USA), diluted 1:500 in blocking buffer. Nuclei were stained with 1 µg/ml propidium iodide and samples were mounted with Vectashield (Vector Laboratories, USA). Detection was performed by fluorescence microscopy (Nikon Eclipse Ti, Japan) using an iterative Lucy-Richardson deconvolution algorithm.
Histopathological liver examination
For microscopic evaluation, formalin-fixed liver fragments were embedded in paraffin, and 5 µm sections were cut and stained with hematoxylin-eosin for blinded evaluation of liver damage as described elsewhere (Gujral et al. 2002) . The percentage of necrosis was estimated by evaluating the number of microscopic fields with necrosis compared to the cross-sectional areas of the entire section. The histological evaluation was performed in a blinded fashion. Pictures were taken with a KF2 microscope (Carl Zeiss, USA).
Analysis of hepatic protein adducts
APAP-protein adducts were measured by high-pressure liquid chromatography with electrochemical detection as previously described (Muldrew et al. 2002) with some modifications (McGill et al. 2013) . Briefly, low molecular weight compounds were removed via Bio-spin 6 columns (Bio-Rad, USA) and the protein fraction was subsequently digested with proteases to liberate APAP-cysteine conjugates. The protein-derived APAP-cysteine conjugates were quantified and normalized to protein concentration in the original samples.
Analysis of serum aminotransaminases
Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were measured with an automated spectrophotometric Labmax 240 analyzer (Labtest Diagnostica, Brazil) after appropriate dilution of the collected serum samples. Values were expressed in IU/L.
Analysis of liver and serum cytokines
Liver tissue was homogenized in Complete Lysis-M buffer with protease inhibitors (Roche, Germany). Homogenates were centrifuged at 14000×g for 15 min at 4 °C, and protein concentrations in supernatants were determined according to the Bradford procedure (Bradford 1976 ) using a commercial kit (Bio-Rad, USA) with bovine serum albumin as a standard. Enzyme-linked immunosorbent assay (ELISA) kits were used to measure levels of mouse interleukin IL-1β, IL-6, IL-10, interferon (IFN)γ, tumor necrosis factor (TNF)α (BD Biosciences, USA) and IL-18 (Medical and Biological Laboratories, Japan) as previously described (Maes et al. 2016a, b) .
Hepatic leukocyte recruitment analysis
For these experiments, 8-week-old male C57BL/6 mice were obtained from Janvier (France). The animals were housed at the Lab of Cellular and Molecular Immunology of the Vrije Universiteit Brussel. Mice were starved 15 h prior to intraperitoneal administration of APAP at 300 mg/ kg body weight after which animals regained free access to food. Mice were euthanized 24 h after APAP injection by carbon dioxide. Livers were collected after perfusion with phosphate-buffered saline, chopped finely and incubated for 20 min with 1 mg/ml collagenase A and 10 IU/ ml DNase (Roche, Germany) in a shaking water bath at 37 °C. After filtration through a 70 µm filter, cells were centrifuged at 400×g and 4 °C for 5 min. Red blood cells were lyzed with 8.3 g/l NH 4 Cl in 10 mM Tris-buffer. To check leukocyte recruitment, 10 6 cells were stained with allophycocyanin cyanine 7-labeled pan anti-cluster of differentiation (CD) 45 antibody (BioLegend, USA), fluorescein isothiocyanate labeled Ly6G antibody, phycoerythrin cyanine 7-labeled CD11b antibody, peridinin chlorophyll cyanine 5.5-labeled streptavidine antibody, biotin labeled F4/80 antibody and brilliant violet 421-labeled Ly6C antibody at 4 °C for 20 min. Subsequently, cell suspensions were subjected to flow cytometry. For intracellular TNFα determination, 10 6 cells were incubated during 4 h at 37 °C with BD GolgiPlug™ (BD Biosciences, USA) following the manufacturer's instructions. Thereafter, cells were incubated with the antibodies mentioned above, used to check the leukocyte recruitment, for 20 min at 4 °C. Cells were then fixed and permeabilized with Cytofix/Cytoperm™ (BD Biosciences, USA) following the manufacturer's instructions. Fixed cells were stained with phycoerythrinlabeled anti-TNFα (BD Biosciences, USA) or IgG1 isotype antibodies for 20 min at 4 °C. Next, cell suspensions were subjected to flow cytometry. The results were analyzed with a FACScantoll (BD Biosciences, USA) and FlowJo software (TreeStar, USA). All experiments were carried out in accordance with the guidelines provided by the ethical committee on animal experimentation of the Vrije Universiteit Brussel.
Hepatic glutathione and glutathione disulfide analysis
GSH and glutathione disulfide (GSSG) levels in liver tissue were measured using a modified Tietze assay (Jaeschke and Mitchell 1990) . Briefly, frozen liver tissue was homogenized in 3% sulfosalicylic acid/ethylendiaminetetra-acetic acid and centrifuged at 18000×g for 5 min at 4 °C to remove precipitated proteins. After further dilution with potassium phosphate buffer, samples were assayed with a cycling reaction utilizing GSH reductase and dithionitrobenzoic acid. Measurement of GSSG was taken using the same method after trapping GSH with N-ethylmaleimide and removal by solid phase extraction (Jaeschke and Mitchell 1990) . GSSG content was expressed as GSH equivalents.
Proliferating cell nuclear antigen protein analysis
Protein expression of proliferating cell nuclear antigen (PCNA) was studied by means of immunoblotting as previously described Maes et al. 2016b ). In essence, liver tissue protein lysates (50 μg per lane) were resolved on 4-20% sodium dodecyl sulfate polyacrylamide gel electrophoresis under reducing conditions. Separated proteins were transferred to polyvinylidene difluoride membranes (Millipore Corporation, USA) and blocked overnight at 4 °C with 5% milk in TBS/T. After washing with TBS/T, membranes were incubated with a mouse monoclonal anti-PCNA antibody (Santa Cruz Biotechnology, USA), diluted 1/2000 in blocking buffer for 2 h at room temperature. Membranes were washed and incubated with appropriate secondary horseradish peroxidase-coupled antibody (Santa Cruz Biotechnology, USA) for 1 h at room temperature. Proteins were visualized by enhanced chemiluminescence (Amersham Biosciences, USA) according to the manufacturer's instructions. Densitometric analysis was performed with a GS170 Calibrated Imaging Densitometer (Bio-Rad, USA) using Quantity One 4.0.3. software (BioRad, USA). For semiquantification purposes, PCNA signals were normalized against β-actin signals.
Statistical analysis
All data were expressed as mean ± standard error of the mean (SEM). Results were statistically processed by oneway analysis of variance (ANOVA) followed by post hoc Bonferroni tests or two-tailed unpaired student t tests and Welch's correction using GraphPad Prism6 software, with probability (p) values of less than or equal to 0.05 considered as significant.
Results
APAP overdosing induces hepatic mRNA and protein expression of Panx1
In order to show the involvement of Panx1 channels in APAP-induced hepatotoxicity, Panx1 RNA and protein levels were measured by RT-qPCR analysis and immunoblot analysis, respectively, at different time points after APAP or vehicle administration. This revealed significantly enhanced Panx1 gene transcription and protein levels in liver tissue after 6 h (p < 0.05), steeply increasing toward 24 h following APAP treatment (p < 0.001 for RNA level and p < 0.0001 for protein level) compared to the vehicle control (Fig. 1a, b) . Similar changes were seen in gene transcription of the Nalp3 inflammasome components Nalp3, Casp1 and apoptosis-associated speck-like protein containing a C-terminal caspase-recruitment domain (ASC; Supplementary Fig. 1 ). During immunoblot analysis, Panx1 was detected as three signals, representing the non-glycosylated core (Gly0), the high-mannose (Gly1) and the complex glycosylated species (Gly2; Fig. 1b ) (Boassa et al. 2007; Penuela et al. 2009 ). In control mice, Panx1 was mainly found in the Gly0 (49.5 ± 1.4%) and Gly2 (36.6 ± 3.3%) status. However, 6 and 24 h after APAP administration, a transition to the Gly2 species was detected, namely 84.5 ± 6.6 and 90.5 ± 1.9%, respectively (Table 2 ). Previous studies suggested that N-glycosylation of Panx1 might play a key role in regulating its traffic to the cell surface (Boassa et al. 2007 ). Indeed, the Gly2 species is more abundant at the cell plasma membrane, while both the Gly0 and Gly1 variants are preferentially found as residents of the endoplasmic reticulum (Penuela et al. 2009 ). In addition, increased levels of Gly2 in mouse brain were reported after experimental induction of hippocampal seizures by cobalt treatment (Mylvaganam et al. 2010) . Nevertheless, immunohistochemistry analysis showed the presence of Panx1 both intracellularly and at the cell plasma membrane 6 and 24 h after APAP overdosing compared to the sole plasma membrane localization in the control animals (Fig. 2a, b) . Part of the intracellular Panx1 population was identified in the nuclear compartment after APAP overdosing using Lucy-Richardson deconvolution algorithm. In addition, Panx1 was evenly distributed over the liver acinar region in naive and saline-treated animals, as similar signals were found in the periportal and pericentral zones (Fig. 2a) . However, 6 and 24 h after APAP overdosing, altered expression was found in the pericentral zones (Fig. 2a) . injected 300 mg/kg APAP or saline (SAL) followed by sampling at different time points (0, 1, 6 and 24 h). a RNA was extracted and subjected to RT-qPCR analysis of Panx1 using the primers as depicted in Table 1 . Relative alterations in RNA levels were calculated according to the 2 −ΔΔCq formula, where the average expression of untreated animals at the 0 h time point is set to 1. b Hepatic protein levels of Panx1 were assessed by immunoblot analysis, normalized against the total protein content and expressed as relative alteration compared to untreated animals. Data were expressed as mean ± SEM, with **p < 0.01, ***p < 0.001 and ****p < 0.0001 compared to vehicle control at indicated time points around the central vein, where expression of cytochrome P450 enzymes responsible for NAPQI formation is the highest (Lee et al. 1996 ). In the current study, these necrotic areas were clearly detectable microscopically 24 h after administration of APAP. There was a modest trend toward less necrosis upon Panx1 inhibition, although not significant (Fig. 3a) . In order to verify whether the morphological findings are reflected at the clinical chemistry level, serum amounts of ALT and AST were measured in APAP-overdosed mice whether or not treated with Panx1. In all animals tested in this study, ALT and AST serum levels were elevated, progressively increasing toward 6 and 24 h. Most importantly, significantly reduced serum levels of ALT (p < 0.001) and AST (p < 0.0001) were found after 24 h in the 10 Panx1-treated mice (Fig. 3b) .
Panx1 channel inhibition does not affect hepatic protein adduct formation following APAP overdosing
The mechanism of toxicity of APAP, and thus the mouse model as such, depends on the formation of the deleterious reactive metabolite NAPQI. In case of APAP overdosing, NAPQI reacts with protein sulfhydryl groups, which leads to the formation of noxious liver protein adducts . To confirm that the diminished liver damage after treatment with 10 Panx1 occurs independently of NAPQI formation, APAP-protein adducts were measured 3 and 6 h after APAP administration. The APAP-protein adducts were detectable in all mice, yet no differences were observed between the different experimental groups (Fig. 4) .
Panx1 channel inhibition differentially affects serum and liver cytokine levels following APAP overdosing
Panx1 channels have been identified as major drivers of inflammatory responses (Brough et al. 2009; Ganz et al. 2011; Kim et al. 2015; Marina-García et al. 2008; Silverman et al. 2009 ). For this reason, a number of cytokines, namely IL-1β, IL-6, IL-10, IL-18, IFNγ and TNFα, which are considered of relevance for controlling hepatic injuryassociated inflammation (Blazka et al. 1995; Cover et al. 2006; Ishida et al. 2002; James et al. 2005; Lawson et al. 2000) , were evaluated 24 h after APAP administration. Serum levels of these cytokines are reflective of the severity of liver injury, though they may not be consistent with corresponding hepatic levels per se. Therefore, IL-1β, IL-6, IL-10, IL-18, IFNγ and TNFα were also measured by ELISA analysis in liver homogenates obtained from APAP-overdosed mice whether or not treated with 10 Panx1 (Fig. 5) . Administration of 10 Panx1 to APAP-overdosed animals reduced overall inflammation as evidenced by significantly lower (p < 0.05, p < 0.01 or p < 0.001) liver levels of IL-1β, IL-6, IL-10, IFNγ and TNFα compared to vehicletreated mice. For IL-6, IL-10 and TNFα, this was paralleled in serum. IFNγ serum levels were below the detection limit for both experimental groups (data not shown). Rather surprisingly, IL-18 serum quantities were not affected by 10 Panx1 and were significantly increased (p < 0.05) in liver (Fig. 5) .
Panx1 channel inhibition reduces recruitment of neutrophils following APAP overdosing
During hepatocyte cell death, a number of molecules, socalled damage-associated molecular patterns, are released, which can activate macrophages and induce cytokine formation (Antoine et al. 2009; Martin-Murphy et al. 2010 ). These inflammatory mediators trigger neutrophils and monocytes leading to the recruitment of these leukocytes to the liver. Monocyte migration has been reported to be mediated in part by Panx1-dependent extracellular ATP release in vitro (Xiao et al. 2012 ) and fine-tuned chemotactic responses of neutrophils seem to require Panx1 signaling (Bao et al. 2013 ). To Table 2 Panx1 glycosylation status after APAP overdosing Mice (n = 5 per group and per time point) were injected 300 mg/kg APAP or saline (SAL) followed by sampling at different time points (0, 1, 6 and 24 h). Hepatic protein levels of Panx1 were assessed by immunoblot analysis where Panx1 was detected as three signals, representing the non-glycosylated core (Gly0), the high-mannose (Gly1) and the complex glycosylated species (Gly2). Data were expressed as mean ± SEM, with * p < 0.05; ** p < 0.01; *** p < 0.001 and **** p < 0.0001 compared to vehicle control at indicated time points Time point Treatment Total Panx1 normalized to 0 h Gly0 (%) Gly1 (%) Gly2 (%) 0 h / 1.00 ± 0.14 49.5 ± 1.4 13.9 ± 1.9 36.6 ± 3.3 1 h SAL 1.21 ± 0.10 58.6 ± 2.0 14.0 ± 1.9 27.3 ± 3.0 APAP 0.85 ± 0.10 48.8 ± 3.5 5.2 ± 1.7*** 46.0 ± 4.2** 6 h SAL 1.18 ± 0.11 54.1 ± 1.6 10.4 ± 1.3 35.6 ± 2.4 APAP 2.08 ± 0.27 11.4 ± 5.7**** 4.0 ± 1.0* 84.5 ± 6.6**** 24 h SAL 1.96 ± 0.19 63.0 ± 1.8 18.1 ± 1.7 18.8 ± 0.7 APAP 3.31 ± 0.20 5.7 ± 1.8**** 3.8 ± 0.3**** 90.5 ± 1.9**** 1 3 (Fig. 6b) . However, when Panx1 channels were blocked, a significantly reduced (p < 0.0001) amount of neutrophils was recruited into the liver (Fig. 6b) . As neutrophils produce TNFα, this could possibly explain the lowered liver levels of this pro-inflammatory cytokine in 10 Panx1-treated animals (Fig. 5) . However, the reduced amount of TNFα can not only be attributed to reduction in TNFα-producing neutrophils, but also to reduced (p < 0.05) production by inflammatory monocytes when Panx1 channels are inhibited (Fig. 6c) .
Panx1 channel inhibition alters the liver oxidative status following APAP overdosing
In healthy cells, more than 99% of the total glutathione pool occurs in the reduced form (GSH) and <1% exists in the oxidized form (GSSG) (Jaeschke and Mitchell 1990 ). An increased GSSG/GSH ratio is considered indicative of oxidative stress, as is the case for APAP-induced liver injury, which is inherently accompanied by GSH depletion (Jaeschke 1990; Knight et al. 2001) . In the present study, the GSH levels of all animals were depleted 3 h after APAP administration with a gradual recovery after 6 and 24 h (Fig. 7a) . Nonetheless, neither hepatic GSSG levels (Fig. 7b) nor the GSSG/GSH ratio (Fig. 7c) was significantly altered by 10 Panx1 in APAP-overdosed mice.
However, inhibition of Panx1 channels significantly (p < 0.001) upregulated GSH amounts in liver 24 h following APAP overdosing (Fig. 7a) . The relevance of this finding is unclear. 10 Panx1 may enhance GSH resynthesis, which could be indicative of the improved tissue viability. Alternatively, the higher GSH levels could contribute to its protective effect by improving scavenging of reactive oxygen species.
Panx1 channel inhibition promotes liver regeneration following APAP overdosing
The liver has a considerable regenerative capacity. In addition to injury mechanisms, initiation of regeneration is critical for repair of damaged liver tissue and recovery after APAP-induced liver injury (Mehendale 2005) . Dividing hepatocytes adjacent to necrotic areas replace dead counterparts (Bajt et al. 2003) . Cycling cells typically display high production of PCNA, an auxiliary protein to DNA polymerase that is essential for both DNA synthesis and repair. Consequently, PCNA expression is commonly used as a parameter to monitor regenerative activity in liver following injury (Bajt et al. 2003) . In the present study, hepatic protein levels of PCNA, assessed by immunoblot analysis, were significantly higher (p < 0.05) in APAP-overdosed mice treated with 10 Panx1 compared to solely APAP-overdosed animals after 24 h (Fig. 8) , while no significant difference was found after 48 h (data not shown). This points to early stimulation of regeneration upon Panx1 channel inhibition following APAP overdosing, which might reflect the reduced injury in these animals. 
Discussion
Pannexins were first described in 2000 and form hexameric plasma membrane channels that support paracrine signaling (Panchin et al. 2000; Penuela et al. 2013; Wang et al. 2013 ). Only in the last few years, a handful of studies have addressed pannexins in liver, whereby Panx1 was detected in hepatocytes (Bruzzone et al. 2003; Csak et al. 2011; Ganz et al. 2011; Kim et al. 2015; Xiao et al. 2012 ) and Kupffer cells (Sáez et al. 2014) messengers are known to be released in the extracellular milieu through pannexin channels with the most extensively studied one being ATP (Penuela et al. 2013; Wang et al. 2013) . By doing so, these channels fulfill physiological functions, in particular in cellular differentiation, as shown in keratinocytes (Celetti et al. 2010) , neurons (Swayne et al. 2010 ) and chondrocytes (Iwamoto et al. 2010) . Pannexin channels equally play pathological roles, specifically by facilitating inflammation (Brough et al. 2009; Marina-García et al. 2008; Silverman et al. 2009 ) and cell death (Chekeni et al. 2010; Elliott et al. 2009 ). In this respect, Panx1 channels were found to contribute to experimentally induced lipo-apoptosis in hepatocytes (Xiao et al. 2012) . In the present study, it was investigated whether these channels are also involved in APAP-mediated acute hepatotoxicity. It was found that liver expression of Panx1 is strongly upregulated upon APAP overdosing at the transcriptional and translational level. In addition, the glycosylation status of the hepatic Panx1 was altered after APAP-induced hepatotoxicity in mice. In particular, a transition from the non-glycosylated Gly0 variant to the complex glycosylated Gly2 species was detected. Glycosylation of Panx1 has been described to be a prerequisite for channel insertion into the plasma membrane (Boassa et al. 2007; Mylvaganam et al. 2010; Penuela et al. 2009 ). Thus, our results may point to possible increased Panx1 channel activity in APAP-induced hepatotoxicity, although given the known issues with pannexin antibodies in this particular research field, these results should be considered with caution. In order to demonstrate an active role for these channels in APAP-triggered liver toxicity, the well-known Panx1 channel inhibitor 10 Panx1 was used. 10 Panx1 is a short peptide that mimics a sequence in the first extracellular loop moiety of Panx1 and that blocks its channel function (Pelegrin and Surprenant 2006) . 10 Panx1 was found to act in an anti-inflammatory way and to protect against cell death in several cell types (Orellana et al. 2011b; Pelegrin et al. 2008 ). In the current study, 10 Panx1 was systemically injected 1.5 h after APAP administration, which is the timeframe necessary for completion of APAP biotransformation and hence for formation of the deleterious NAPQI metabolite. Since the maximum depletion of GSH occurs 0.5 h after APAP administration (McGill et al. 2013) , there was no difference in GSH depletion between the study groups. In addition, no effect of 10 Panx1 on APAP-protein adducts Panx1 channel inhibition alters the liver oxidative status following APAP overdosing. Mice (n = 5 per group at 0, 3 and 6 h time points; n = 12 per group for the 24 h time point) were injected 300 mg/kg APAP followed by administration of 10 mg/kg 10 Panx1 or saline (SAL) 1.5 h later. Sampling was performed 0, 3, 6 and 24 h after APAP overdosing. Hepatic levels of a GSH and b GSSG were measured and c the GSSG/GSH ratio was calculated. Data are expressed as mean ± SEM, with ***p < 0.001 compared to APAP followed by vehicle administration 1 3 was observed, suggesting that the delayed administration of 10 Panx1 did not have a relevant impact on reactive metabolite formation and thus not on the initial events of APAP-induced hepatotoxicity. By relying on this rationalized experimental setup, 10 Panx1 was shown to reduce biochemical (serum ALT and AST levels) hallmarks of APAP-induced cell death 24 h after APAP administration, demonstrating that Panx1 channel inhibition alleviates APAP-induced hepatotoxicity. Of note, 10 Panx1 did not alter Panx1 protein content nor did it affect its glycosylation status (Supplementary Fig. 2) .
On several occasions, Panx1 channels have been linked to Nalp3 inflammasome activation, resulting in the extracellular release of IL-1β and IL-18, which are thought to mediate inflammatory reactions (Imaeda et al. 2009; Martinon et al. 2002) . Although 10 Panx1 decreased liver amounts of IL-1β, no differences were detected in the serum levels of this pro-inflammatory cytokine. Furthermore, increased hepatic levels of IL-18 were found in 10 Panx1-treated mice. This differential outcome suggests that the beneficial effects of Panx1 channel inhibition, at least for APAP-induced hepatotoxicity, might not be related to the activation of the Nalp3 inflammasome. This was supported by the observations that 10 Panx1 treatment did not alter RNA expression of Nalp3 inflammasome building stones ( Supplementary  Fig. 3 ) nor did it affect Casp1 activation after APAP overdosing (data not shown). These results are in line with a previously published report demonstrating that the Nalp3 inflammasome does not appear to be a critical factor in murine APAP-induced liver injury (Williams et al. 2011 ). In the latter study, a similar extent of neutrophil recruitment, cytokine levels and liver injury in mice deficient for each component of the Nalp3 inflammasome (ASC, Casp1 and Nalp3) compared to wild-type animals were found. Besides IL-1β and IL-18 levels, 10 Panx1 administration decreased liver and serum quantities of the pro-inflammatory cytokines IL-6, TNFα and IFNγ in APAP-overdosed mice. These findings suggest that Panx1 channel inhibition suppresses APAP-induced inflammation, yet it should be mentioned that 10 Panx1 equally lowered hepatic and serum amounts of IL-10, a prominent anti-inflammatory cytokine. This might be a consequence of overall lower inflammatory cytokine levels. Hepatocyte cell death and cytokine formation ultimately lead to activation and infiltration of neutrophils and monocytes in the liver. In this study, reduced infiltration of neutrophils upon treatment of APAP-overdosed mice with 10 Panx1 was noticed. The decreased amount of TNFα could be attributed to reduction in TNFα-producing neutrophils as well as to decreased TNFα production by inflammatory monocytes upon Panx1 channel inhibition. The contribution of neutrophils to APAP-induced injury remains controversial (Jaeschke et al. 2012) . A substantial number of studies found no involvement of neutrophils in the pathophysiology of APAP-induced liver injury (Connolly et al. 2011; Cover et al. 2006; Lawson et al. 2000; Williams et al. 2010a Williams et al. , b, 2014 . Although several studies suggested a contribution of neutrophils to the late-stage injury process (Ishida et al. 2006; Liu et al. 2006; Marques et al. 2012 ), these reports were criticized for the same offtarget effect of the neutropenia intervention used (Jaeschke et al. 2012) . From the present study, it is not possible to assess whether reduced neutrophil infiltration was a cause or a consequence of 10 Panx1-mediated milder liver injury, yet given the extensive evidence against a direct role of neutrophils in the injury process, the attenuated inflammatory response is most likely a reflection of reduced injury in the 10 Panx1-treated animals. However, a direct effect of the inhibitor on neutrophils cannot be excluded, as it has been previously described that activation of neutrophils requires Panx1 signaling (Bao et al. 2013) . Furthermore, increased recovery after initial depletion of the hepatic GSH levels was detected 24 h after APAP administration in the Mice (n = 10 per group) were injected 300 mg/kg APAP followed by administration of 10 mg/kg 10 Panx1 or saline (SAL) 1.5 h later. Sampling was performed 24 h after APAP overdosing. Hepatic protein levels of PCNA were assessed by immunoblot analysis and expressed as relative alteration compared to APAP-treated animals followed by SAL administration. Data are expressed as mean ± SEM, with *p < 0.05 compared to APAP followed by vehicle administration 10 Panx1-treated animals. This could possibly account for the overall reduced cell death and inflammation observed in APAP-overdosed animals upon treatment with 10 Panx1. Indeed, GSH detoxifies NAPQI and reactive oxygen species, thereby reducing cell stress and damage. In addition, inhibition of Panx1 channels promoted regenerative activity and thus repair following APAP-induced hepatocellular injury as shown by elevated PCNA protein production.
In conclusion, the results of this study demonstrate for the first time that Panx1 channels are major actors in APAP-induced liver damage. These observations also suggest that pharmacological inhibition of these channels might be a potentially new approach, complementary to N-acetylcysteine treatment, in the clinical therapy of acute drug-induced hepatotoxicity.
